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Ultraviolet Lasing Characteristics
of ZnS Microbelt Lasers
H. Zhu, S. C. Su, S. F. Yu, Senior Member, IEEE, W. F. Zhang, C. C. Ling, and H. Y. Yang
Abstract—Investigation on the room-temperature ultraviolet
lasing characteristics of a single ZnS microbelt laser is presented.
Lasing emission with peak wavelength at round 335 nm is observed
from the hexagonal-wurtzite phase of ZnS microbelt under opti-
cal excitation. This is due to the Fabry–Perot resonance along the
length of the microbelt. By studying the low-temperature and time-
resolved photoluminescence, it is verified that the corresponding
lasing characteristics are attributed to the excitonic optical gain
process. Furthermore, the rectangular cross-sectional nanostruc-
ture of ZnS microbelt suppresses TM polarization for excitation
power lower than ∼1.4 times the threshold. Hence, ZnS microbelts
can be a promising building block to realize ultraviolet semicon-
ductor lasers with control of laser polarization.
Index Terms—Microcavities, semiconductor lasers, ZnS.
I. INTRODUCTION
Z nS, which has a wide bandgap (3.68 and 3.7 eV for cubicand hexagonal phase, respectively, at room temperature)
and a large excitonic binding energy (40 meV) [1], is believed to
be one of the promising ultraviolet (UV) optical materials. How-
ever, it is difficult to achieve room-temperature excitonic lasing
emission from bulk or thin-film ZnS due to their high defect
density [2]. Although there are extensive investigations on the
optical characteristics of ZnS nanostructures, only few publica-
tions have reported lasing characteristics from nanostructured
ZnS [3]–[6]. For example, Lee et al. had shown optical pumped
amplified spontaneous emission from ZnS nanowires array [3].
Yang et al. had observed UV random lasing, which was arisen
from the formation of closed-loop optical cavities, from the
randomly distribution of ZnS nanosheets [6].
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Due to the high crystal quality, semiconductor nanostructures
are considered to be a versatile building block for photonic ap-
plications [7], [8]. Lasing action has been observed from indi-
vidual semiconductor microwires with hexagonal and triangular
cross-sectional nanostructures [9], [10]. Nevertheless, the use of
symmetric (i.e., relative to the axis of nanowires) cross-sectional
nanostructures may have difficulty to suppress the one of the two
polarizations so that they may not be the most appropriate choice
for the photonic building block. In fact, there is no investiga-
tion on the use of rectangular nanostructures to suppress the
emission polarization of semiconductor microcavities.
In this paper, we demonstrated low-threshold excitonic UV
lasing from a single ZnS microbelt with rectangular cross-
sectional nanostructure at room temperature. This is because
of the 1) high excitonic gain of the hexagonal-wurtzite phase
and low defect density of the ZnS microbelts as well as the 2)
realization of coherent optical feedback along the length of ZnS
microbelt. In addition, the rectangular nanostructure suppresses
the generation of TM polarization for excitation power less than
∼1.4 times the threshold. Thus, the use of ZnS microbelt is an
alternative approach to fabricate UV photonic devices.
II. FABRICATION AND CHARACTERIZATION
OF ZNS MICROBELTS
High-crystal-quality ZnS microbelts were grown on a sili-
con substrate by vapor–liquid–solid method inside a horizontal
tube furnace. The detail fabrication procedure can be found
elsewhere [11]. The morphology of ZnS microbelts was charac-
terized by field emission scanning electron microscopy (JEOL-
JSM-7001 F). Transmission electron microscopy (TEM) images
were obtained by a JEM-2010 TEM with accelerating voltage
of 200 kV. Raman scattering spectra were investigated at room
temperature in air by a HORIBA HR-800 with a laser emit-
ted at 488 nm operating at a back scattering configuration. The
time-resolved photoluminescence (TRPL) was measured by a
Hamamatsu C5680-04 streak camera, and a tunable Ti:sapphire
femtosecond-pulsed laser was an excitation source with the
wavelength at 266 nm.
Fig. 1(a) displays the scanning electron microcopy (SEM)
image of ZnS microbelts. As we can see, the as-growth sam-
ples have a belt-shaped morphology with length varying from
10 to 200 μm, an average width of ∼2.5 μm, and an average
thickness of ∼200 nm. Fig. 1(b) shows a TEM image of a ZnS
microbelt, which reveals that the microbelt has a sharp edge.
Fig. 1(c) gives the high-resolution TEM image and the corre-
sponding selected-area diffraction pattern. It is noted that the
microbelts are a single-crystalline hexagonal phase ZnS struc-
ture and has a growth direction of <10-10>. Fig. 1(d) shows an
1077-260X/$31.00 © 2013 IEEE
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Fig. 1. (a) SEM image of the randomly assembled ZnS microbelts. (b) TEM
image and (c) high-resolution TEM image of a single ZnS microbelt; the inset
is the corresponding diffraction pattern indicating <10-10> growth direction.
(d) XRD diffraction pattern of the ZnS microbelts.
Fig. 2. Microscopy Raman scattering spectrum from ZnS microbelts and fit-
ting result. The two insets show the Lorentzian line shape fitting of the TO
doublet (270 cm−1 , 285 cm−1 ) and LO (349 cm−1 ) and SO (337 cm−1 ) phonon
modes.
X-ray diffraction (XRD) pattern of the ZnS microbelts. The
XRD peaks reveal that the ZnS microbelts have a hexago-
nal wurtzite structure. This result is consistent with the TEM
observation.
Raman scattering of ZnS microbelt is a local probe to access
the crystalline quality, phase structure, and crystalline disorder
of the components. Fig. 2 plots the Raman spectrum of the
hexagonal phase ZnS microbelts. Strong first-order scattering
from an unresolved doublet at 349 cm−1 is identified with A1
and E1 symmetry longitudinal optical (LO) modes. At lower
frequency, a resolvable doublet is seen with peaks at 270 and
285 cm−1 . These peaks are assigned to the A1/E1 and E2 trans-
verse optical (TO) modes [12]. Furthermore, a peak at 337 cm−1 ,
which is not seen from the bulk spectra, is due to surface opti-
cal (SO) phonon scattering. The essential characteristic of the
Raman active surface optical phonon modes is that their peak
Fig. 3. Absorption spectra and PL of the ZnS microbelts at room temperature.
The inset plots the dependence of the exciton peak emission intensity at 335 nm
on temperature. The solid line is the fitting of the experimental data.
intensity is sensitive to the surface roughness. The two insets
of Fig. 2 show the results of a Lorentzian line shape fitting for
the TO doublet and the nearby LO/SO mode. It is noted that
the ratio of the fitting intensity between the LO and SO is 25:1
which indicates that the ZnS microbelts have smooth surfaces.
Atomic force microscopy image (not shown here) also indicates
that the ZnS microbelts have atom-scale surface flatness along
the whole length. High crystal quality and smooth surface of
ZnS microbelts are important for reducing the optical loss in
the rectangular cross-section nanostructure, which is critical in
achieving lasing oscillation.
III. OPTICAL BEHAVIOR OF ZNS MICROBELTS
Fig. 3 gives the absorption and photoluminescence (PL) spec-
trum of the ZnS microbelt at room temperature. An absorption
peak located at 323 nm is clearly observed from the absorption
spectrum. This peak is related to the free-exciton (FX) absorp-
tion in ZnS microbelts [13]. The room-temperature PL spectrum
of the ZnS microbelts indicated that a dominant sharp emission
peak is located at 335 nm and the deep-level emission is unde-
tectable. These results indicate that the microbelts are free from
defects and dislocations (i.e., nonradiative recombination cen-
ters that can lead to deep-level recombination transition). The
emission mechanism of the ZnS microbelts can be investigated
by the temperature-dependent PL measurement.
The inset of Fig. 3 plots the integrated intensity (from the
peak of 335 nm) of the ZnS microbelts versus temperature. The
emission intensity decreases monotonously with the increase of
temperature. The variation trend of integrated intensity of the
emission band I(T ) versus temperature T can be fitted by
I(T ) =
Io
1 + A exp (− Ex/kT ) (1)
where I0 and A are constants to be fitted, k is the Boltzmann
constant, and Ex is the activation energy. The best fitting of the
data with (1) gives Ex to be ∼38 meV, which is identical to the
FX binding energy of ZnS (40 meV) [1]. Therefore, the sharp
emission peak located at 335 nm can be attributed to the FX
emission of the ZnS microbelts [13].
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Fig. 4. Room-temperature lasing spectra of a single ZnS microbelt versus
pump intensity. The insets show the light–light curve (top-right corner) and
CCD images (top-left corner) of the single ZnS microbelt laser.
Fig. 5. Lasing spectra of the ZnS microbelt with different cavity lengths.
Optical characteristics of an individual ZnS microbelt were
studied by a quadruplet Q-switched Nd:YAG laser (at 266 nm)
at pulsed operation (∼6 ns, 10 Hz). A pump stripe of width less
than 100 μm was collimated onto the surface of a single ZnS
microbelt by a cylindrical lens. Emission from the edge of ZnS
microbelt was then collected and analyzed by a monochromator.
All the measurements were performed at room temperature. It
can be seen from Fig. 4 that the single ZnS microbelt exhibits
spontaneous emission at low excitation power (∼15 kW/cm2).
The length of the ZnS microbelt is about 40 μm. When the
pump power increases to a threshold, Pth , (∼20 kW/cm2), sharp
peaks with linewidth < 2 A˚ emerge from the broad emission
spectrum. It is noted that the sharp peaks are equally spacing
across the emission spectrum above the threshold. The light
output versus optical excitation power density curve of the ZnS
microbelt is also inserted onto the top-right corner of Fig. 4. Two
photos inserted onto the top-left corner of Fig. 4 show emission
characteristics of the ZnS microbelt under the excitation below
and above the threshold. Strong emission intensity is observed
from the edges of the ZnS microbelt under excitation above the
threshold. Hence, it is verified that the ZnS microbelt exhibits
lasing oscillation.
Fig. 6. Polar plot displays the integrated intensity of the lasing beam versus
the angle of a linear analyzer at pump intensity of ∼35 kW/cm2 . The ZnS
microbelt is the same as shown in Fig. 4.
Fig. 7. TE and TM lasing spectra of the single ZnS microbelt at∼35 kW/cm2 .
The inset shows the light–light curve of the TE and TM lasing modes.
Fig. 5 displays the lasing spectra of single ZnS microbelts ver-
sus different length with the pump power kept at ∼25 kW/cm2 .
The sharp peaks have equally spacing Δλ throughout the emis-
sion spectrum and Δλ varies from 0.15 to 0.5 nm for the re-
duction of length of the ZnS microbelts. The uniform spacing
of sharp peaks is attributed to the longitudinal Fabry–Perot res-
onance arisen from the optical feedback from the two facets of
the ZnS microbelt. Δλ of a Fabry–Perot cavity can be deduced
from Δλ ≈ λ20/2neff Lc , where neff is the effective optical mode
refractive index of the ZnS at wavelength λ0 , and Lc is the lon-
gitudinal cavity length of the microbelts [14]. If λ0 is assumed to
be∼337 nm and using the results of Δλ given in Fig. 5 for some
value of Lc , the average value of neff can be found to be∼2.30.
This value of neff is closed to our theoretical studies of ZnS
microbelts with refractive index of bulk ZnS set to ∼2.40 [15].
Figs. 6 and 7 study the polarization characteristics of the
ZnS microbelt excited at ∼1.8 times of the threshold. The ZnS
microbelt used in Figs. 6 and 7 is the same as that used in Fig. 4.
The polar plot in Fig. 6 displays the edge emission intensity of
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Fig. 8. Plots of measured and calculated values of Pth and Δλ versus Lc for
both TE and TM lasing modes of a single ZnS microbelt laser.
a ZnS microbelt through a linear polarizer versus the rotation
angle θ. θ = 0◦ (90◦) represents the electric field polarized along
the width (thickness) of the ZnS microbelt. The pump power of
the ZnS microbelt was kept at ∼35 kW/cm2 . The plot indicates
that the ZnS microbelt can support two orthogonally polarized
fields. The electric field polarized along the width of the ZnS
microbelt (i.e., TE modes) is dominant by the emission spectra
and that along the thickness of the ZnS microbelt (i.e., TM
modes) is suppressed by the rectangular cross-sectional stripe-
waveguide structure.
Fig. 7 plots the emission spectra of TE and TM modes at
pump power of ∼35 kW/cm2 . It is noted that TE modes have
higher emission intensity than that of TM modes because the
threshold of TE modes is ∼10 kW/cm2 lower than that of the
TM modes. Therefore, TM modes will be suppressed in the
emission spectra of ZnS microbelt if the pump intensity is less
than Pth ∼30 kW/cm2 .
Threshold Pth and mode spacing Δλ for both TE and TM
modes of the ZnS microbelts versus Lc are displayed in Fig. 8.
The total internal optical loss and reflectivity ratio between TE
and TM modes inside the ZnS microbelt can be deduced from
the following equation:
Pth ∝ αi + 2
Lc
ln
(
1
r
)
(2)
where αi is the total internal optical losses, r is the field reflec-
tivity of the ZnS microbelt facets by fitting (2) with the mea-
sured values of Pth and Lc . It is noted that ln(1/rT E )/ln(1/rT M )
∼0.967 so that rTE > rTM for the ZnS microbelts is expected.
From the y-intercept of the lines in Fig. 8, the ratio of αi be-
tween TM and TE modes αiTM /αiTE can be deduced to be
(19/15) ∼1.267. This indicates that the waveguide losses of the
ZnS microbelts of TM modes are larger than that of the TE
modes. Hence, TE modes are dominant in the lasing spectra due
to the corresponding large (low) value of rTE (αiTE ). The inset
of Fig. 8 shows plots Δλ versus 1/Lc . It is observed that Δλ of
both TE and TM modes is proportional to 1/Lc . The solid line
Fig. 9. Evolution from spontaneous emission to lasing with increasing pump
density by using the TRPL technique. The single-exponential decay time con-
stant at low pump density varies between 500 and 300 ps. However, the decay
time collapses to 95 ps above the threshold.
is the calculated value of Δλ versus Lc according to (1). The
value of neff for TE and TM modes is found to be ∼2.30.
The optical gain mechanism of the ZnS microbelts was in-
vestigated by using the TRPL technique. The plot of time-
dependence integrated intensity, which was originated from ex-
citon emission peak at 335 nm, is illustrated in Fig. 9. At pump
power equal to∼0.02× Pth , the emission follows a multiexpo-
nential decay with lifetime of∼500 ps. At higher pump density,
the emission lifetime is further reduced to a shorter decay life-
time. When the excitation density exceeds the threshold, the
emission decay lifetime collapses to 95 ps as shown in the PL
trace. The fast relaxation behavior is essentially identical to that
of the optical pump ZnS microbelts lasing process. This can
been considered as evidence of many particle effects in the high
exciton density region (exciton–exciton interactions, exciton–
carrier interactions, and exciton–phonon interactions) for the
optical gain to be build up inside nanostructures [16], [17].
IV. CONCLUSION
A single ZnS microbelt laser with rectangular cross-sectional
nanostructure was realized to support low-threshold excitonic
UV lasing at room temperature. The excitonic optical gain pro-
cess, which is verified by the low-temperature PL and TRPL,
is attributed to the high excitonic gain of ZnS microbelts. The
excitation of lasing modes is arisen from the Fabry–Perot reso-
nance between the two facets of the ZnS microbelts. Due to the
geometry of rectangular nanostructures, lasing modes supported
inside the ZnS microbelt are TE dominant at excitation power
less than ∼1.4 times the threshold. The ratio of αi between TM
and TE modes is also found to be ∼1.267. Hence, high optical
quality of ZnS microbelts can be a promising building block to
realize UV semiconductor lasers.
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